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. Membrane-deoxyribonucleic acid (DNA) complexes were isolated from Bacil-
lus subtilis by affinity for magnesium-Sarkosyl crystals. These complexes (M-
bands) contained greater than 80% of the total cellular DNA; little of the
remaining portion could be recovered in a secondary isolation. Isotopic labeling
of the origin of replication showed this region of the chromosome to be closely
associated with the cell membrane. Interruption of protein or DNA synthesis did
not result in detachment of the chromosome from the membrane. Interruption of
ribonucleic acid synthesis by rifampin resulted in a decreased ability to isolate
DNA in the M-band. Analysis of attachment of the chromosome to membrane
during the cell and replication cycles indicated that the chromosome is not
released from the membrane at any time during the cell cycle.

The in vivo attachment of the bacterial chro-
mosome to the cell membrane was suggested by
electron micrographic studies (20) and has since
been established by biochemical (8, 21) and ge-
netic (22) analyses. It has been postulated that
such attachment should have a functional role
in the control of initiation of chromosome repli-
cation (11). Indeed, genetic studies in Bacillus
subtilis (17, 26, 27) and biochemical studies in
Escherichia coli (7) have indicated that the
chromosomal origin is permanently attached to
the membrane.

Membrane-deoxyribonucleic acid (DNA) com-
plexes have been isolated from bacteria by
isopycnic centrifugation (9) and by electropho-
retic separation (16); however, three methods
based on sedimentation in sucrose gradients
have been most frequently used for the isola-
tion of these complexes: (i) collection of the
rapidly sedimenting fraction after gentle os-
motic lysis (8); (ii) isolation of compact nu-
cleoids from cells lysed with detergent at 10°C
(25); and (iii) the M-band procedure, based on a
differential affinity of that portion of the cell
membrane to which the chromosome is at-
tached for crystals of Mg?*-Sarkosyl (6, 23).
Since we wished to study the unique properties
of this membrane region, we chose the M-band
fractionation method to obtain membrane-
DNA complexes.

We have analyzed M-bands obtained from B.
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subtilis to establish whether such membrane-
DNA complexes have properties similar to
membrane-DNA complexes isolated by other
methods. M-bands have been studied with re-
spect to: (i) attachment of the replicative origin
to membrane and (ii) attachment of the chro-
mosome to the membrane during inhibition of
macromolecular synthesis and during the cell
cycle.

MATERIALS AND METHODS

Bacterial strains. B. subtilis strain RB1 (¢rpC2)
was originally derived from strain 168. The dna
initiation mutant, B. subtilis 168 ts-151, described
(13) and kindly provided by Neil Mendelson, was
used to construct strain RB334 (¢trpC2 ts-151) by
transformation (2).

Growth conditions. Bacteria were cultivated,
with aeration, at 30, 37, or 45°C in the minimal salts
medium of Anagnostopoulos and Spizizen (1), sup-
plemented with: glucose, 0.5%; sodium glutamate,
0.5%; tryptophan, 50 ug/ml; and methionine, 50 ug/
ml. Growth was estimated by following the change
in optical density of the culture at 540 nm.

Continuous labeling of DNA. DNA of growing
cells was radiolabeled for at least three generations
in the presence of 0.5 uCi of [methyl-*H]thymidine
(New England Nuclear Corp., 2.0 Ci/mmol) or 0.2
uCi of [methyl-“*Clthymidine (New England Nu-
clear Corp., 50 mCi/mmol) per ml and 250 ug of
deoxyadenosine per ml (Sigma).

Isolation of membrane-DNA fractions. Mem-
brane-DNA complexes (M-bands) were isolated by
the method of Tremblay et al. (23). Cells (5 x 10°
maximum per sample) were grown and radiolabeled
in the appropriate manner. Sodium azide was added
to a final concentration of 650 ug/ml, and the cells
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were harvested by centrifugation at 4°C in a Sorvall
(model RC2-B) centrifuge at 18,000 x g. The cell
pellet was resuspended in 2.5 ml of TMK ([0.01 M
tris(hydroxymethyl)aminomethane - hydrochloride,
0.01 M Mg>*-acetate, 0.1 M KCI, pH 7.0], containing
20% (wt/vol) sucrose to which 0.25 ml of lysozyme (20
mg/ml, Sigma) was added, and incubated for 20 min
at 37°C with vigorous shaking to allow removal of
the cell wall and the formation of protoplasts. Re-
moval of cell wall was judged complete when >90%
of the cell figures appeared as dark spheres under
phase microscopy. The protoplast suspension was
chilled in an ice bath for 1 min, and then 1.25 ml of
0.3% Sarkosyl (Geigy) in 20% sucrose was added.
Lysis of the protoplasts was immediate, as indicated
by complete loss of turbidity and increased viscosity
of the suspension. After a 15-min incubation to allow
crystallization of Mg2*-Sarkosyl to commence, the
suspension was carefully layered onto a 37.0-ml,
discontinuous 25 to 40% sucrose gradient buffered
with TMK and centrifuged for 30 min at 15,000 rpm
in a Beckman SW27 rotor. After centrifugation, a
narrow band of crystals of Mg2?*-Sarkosyl was
clearly evident at the interface of the 25 and 40%
sucrose layers. Gradients were separated into 1.0-ml
fractions using an ISCO model D density gradient
fractionator and an ISCO type 540 fraction collector.
Alternatively, when only M-band or membrane-free
DNA was to be assayed, a syringe fitted with an 18-
gauge needle was used to withdraw the appropriate
fractions directly from the gradient. Fractions were
precipitated in ice-cold 10% trichloroacetic acid.
Each precipitate was collected on 0.45-pm mem-
brane filters (Millipore Corp.) and washed with 20
ml of 5% trichloroacetic acid and 10 ml of water.
Radioactivity was assayed in toluene-based liquid
scintillation fluid in a Beckman model LS-230 liquid
scintillation counter.

Synchronization of cells. Populations of synchro-
nized cells were obtained as previously described (3)
by a modification of the procedure of Mitchison and
Vincent (15). Cells (200 ml) were grown to mid-
logarithmic phase, and 160 ml (in 20-ml aliquots)
was harvested by low-speed centrifugation. The re-
maining 40 ml of culture was filtered through a 0.45-
pm Millipore filter, and filtrate (conditioned me-
dium) was collected. Each cell pellet was resus-
pended in 1.25 ml of water, vortexed briefly, and
sonicated for 15 s. These cell suspensions were then
layered onto 37-ml, 2 to 12% linear sucrose gradients
and centrifuged at 2,000 rpm for 12 min. The top 3.0
ml of cells from each gradient was withdrawn with a
syringe fitted with an 18-gauge needle and dis-
chargiad into prewarmed (37°C) conditioned medium
(40 ml).

Determination of cell numbers. Samples (0.5 ml)
of culture were mixed with 0.5 ml of 0.85% NaCl
containing 0.1% NaN,, sonicated briefly, and
counted in a Petroff-Hauser chamber.

Measurement of rate of DNA synthesis. A 50-ul
portion of (methyl-*H)thymidine (30 uCi/ml) was
added to 1.5 ml of culture and incubated for 4 min at
37°C with aeration. A 0.1-ml sample of labeled cells
was then pipetted into 1.0 ml of ice-cold trichloroace-
tic acid containing 0.2 mg of unlabeled thymidine
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per ml. Acid-insoluble material was assayed for ra-
dioactivity as described above.

Inhibition of macromolecular synthesis. Nali-
dixic acid (Sigma, 50 pg/ml), rifampin (Calbiochem,
200 pg/ml), and chloramphenicol (Sigma, 250 ug/
ml) were used to inhibit DNA, ribonucleic acid, and
protein synthesis, respectively. Inhibition by each of
these drugs at the given concentration was 95%
complete within 2 min. Initiation of DNA synthesis
was blocked by shifting the temperature-sensitive
dna initiation mutant RB334 from 30 to 45°C.

RESULTS

Attachment of DNA to membrane. Sarko-
syl-membrane-DNA complexes (M-bands) were
isolated from cells grown in the presence of
[*Hlthymidine for three generations as de-
scribed in Materials and Methods. Fractiona-
tion of M-band gradients and measurement of
acid-insoluble radioactivity in each fraction
showed that more than 80% of the cellular DNA
could be isolated in two adjacent fractions (Fig.
1), at the interface of the two sucrose concentra-
tions. Since free DNA has been shown to have
little or no affinity for Mg?*-Sarkosyl crystals
(6, 23), the DNA in these two fractions was as-
sumed to be membrane bound.

To ascertain the state of the DNA remaining
at the top of these gradients, M-bands were
prepared as described above. All but the top 4
ml was removed with a syringe, and this 4-ml
portion was then refloated over a second 25 to
40% TMK-buffered discontinuous sucrose gra-
dient. Additional Sarkosyl was added to the 4
ml on top of the gradient, and the gradient was
centrifuged and fractionated as before. Analy-
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Fi1c. 1. Isolation of B. subtilis DNA in M-bands.
[*H]thymidine-labeled cells were converted to proto-
plasts and lysed, and M-bands were formed as de-
scribed in Materials and Methods. The gradients
were fractionated in 1.0-ml samples, and trichloroa-
cetic acid-insoluble radioactivity was measured. Sed-
imentation was from left to right.
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sis of acid-insoluble material (Fig. 2) revealed
that only a small additional amount of DNA
could be isolated as M-band material, indicat-
ing that the initial separation of membrane-
bound from membrane-free DNA had been vir-
tually complete.

Membrane-bound state of replicative ori-
gin. Genetic analysis of membrane-DNA com-
plexes contained within rapidly sedimenting
fractions has shown that the replicative origin
of the chromosome is permanently attached to
membrane (17, 26, 27). In these studies the
membrane component of the membrane-DNA
complex represented a random sampling of the
entire plasma membrane. In contrast, mem-
brane-DNA complexes isolated by the M-band
method are believed to contain a specific piece
of membrane, differentiated from the entire
plasma membrane, at least with respect to pro-
tein composition (Harmon and Taber, sub-
mitted for publication). It was thus of interest
to determine whether the specific piece of mem-
brane isolated by this method bears the replica-
tive origin.

To radiolabel the replicative origin of the
chromosome, and thus determine the state of
its attachment to M-band membrane, it was
first necessary to determine the time during the
cell cycle when initiation of chromosome repli-
cation occurs. Accordingly, synchronous cell
populations were obtained by selecting the
youngest (smallest) cells after size separation of
asynchronously growing cells on linear sucrose
gradients, as described in Materials and Meth-
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F1c. 2. Analysis of top fraction of M-band gra-
dients. M-band gradients were prepared as described
in Materials and Methods. All but the top 4.0 ml was
removed with a syringe. These were then refloated
over a second 25 to 40% discontinuous sucrose gra-
dient. The gradient was centrifuged and fractionated
as in Fig. 1, and fractions were assayed for radioac-
tivity.
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ods. These cells were resuspended in condi-
tioned medium. At 10-min intervals both rate
of DNA synthesis of the culture and cell num-
ber were measured, as described in Materials
and Methods. Figure 3a shows the result of
such an experiment. Synchrony of cell division
was maintained for two and one-half genera-
tions; cell divisions occur at 58 and 116 min after
resuspension, and each results in almost an
exact doubling of cell number. Synchrony of
chromosome replication was maintained for a
somewhat shorter period of time, becoming
asynchronous after two generations. However,
initiation of chromosome replication was repro-
ducibly observed to occur at 54 and 110 min
after resuspension, or about 4 to 7 min prior to
cell division.

To insure that the observed synchrony (Fig.
3a) was the result of age selection rather than
induction by the techniques used, cells were
harvested, resuspended in water, sonicated,
and then held in 4% sucrose for 12 min prior to
resuspension in conditioned medium. When
these cells were assayed for growth and rate of
DNA synthesis (Fig. 3b), it was found that both
cell division and rate of DNA synthesis were
asynchronous, indicating that the result ob-
served in Fig. 3a was obtained through having
selected a defined population of cells.

Taking advantage of the fact that initiation
of chromosome replication occurs just prior to
cell division, cells containing radiolabeled rep-
licative origins were easily obtained. An asyn-
chronous population of cells was pulse labeled
with [*H]thymidine (2.0 u«Ci/ml, 2.0 Ci/mmol)
for 6 min. The youngest cells were immediately
isolated as in the synchrony experiments de-
scribed above. These cells had initiated chromo-
some replication 4 to 7 min previously (the time
during which the pulse had been administered)
and thus contained chromosomes labeled at or
near the replicative origin.

To determine whether the replicative origin
was permanently attached to M-band mem-
brane, cells (~2 x 107) containing [*H]thymi-
dine-labeled replicative origins were grown in
unlabeled conditioned medium for 20 min to
allow the chromosomal growing points to move
well away from the origin. These cells were
then mixed with ~10° cells that had been pre-
labeled for three generations with [**Clthymi-
dine. This mixture was converted to protoplasts
and lysed with Sarkosyl. One-half of the lysate
was sheared vigorously by repeated refluxing
through a 1.0-ml pipette. The other half was
left untreated. Each fraction was centrifuged
on M-band gradients; M-band and top fractions
were isolated from each gradient. Measure-
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Fic. 3. Chromosome replication in synchronous
cultures of B. subtilis. Cells of uniform small (a) or
random (b) size were resuspended in conditioned
medium. At 10-min intervals, 1.0-ml samples were
removed and incubated with [*H]thymidine (1.0 uCi/
ml) for 4 min, at which time 0.1 ml of labeled cells
was immediately pipetted into 1.0 ml of ice-cold tri-
chloroacetic acid. The precipitate was assayed for
radioactivity (@). Turbidity (optical density at 540
nm [ODsy,]) of the culture (A) and cell number (O)
were also monitored.

ment of *C and ®H content in each fraction
revealed that whereas only 5% of the *C con-
tinuous label was shear resistant, 25% of the
3H pulse label could not be removed from the
membrane by an equivalent amount of shear
(Table 1). This result indicates that the replica-
tive origin of the chromosome is preferentially
retained in the M-band membrane fraction.
Removal of DNA from membrane. A variety
of treatments was used in an attempt to release
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or detach the chromosome from the membrane.
Cells were grown in the presence of nalidixic
acid (50 ug/ml) for 10 min or rifampin (200 ug/
ml) or chloramphenicol (250 pg/ml) forupto1h
to block DNA, ribonucleic acid, or protein syn-
thesis, respectively. Of these dugs, only rifam-
pin produced a significant reduction in the
DNA content of the M-band fraction (Table 2).
We did note, however, that exposure of cells to
chloramphenicol for as little as 10 min resulted
in a marked decrease in the viscosity of the M-
band (data not presented).

The effect of rifampin on the recovery of DNA
in the M-band could have been the result of
actual detachment of DNA from membrane, or
of conformational changes in the chromosome
which rendered the DNA more sensitive to
shear. Since DNA was isolated as M-band ma-

TABLE 1. Association of the replicative origin with
the M-band

Top fraction M-band
Treatment % To- % To-
cpm tal cpm  tal
cpm cpm
*H pulse-labeled repli-
cative origin
Unsheared 1,760 5 35,000 95
Sheared 13,000 75 4,100 25
“C continuous labeled
bulk DNA
Unsheared 23,710 10 201,000 90
Sheared 164,000 90 7,800 5

TABLE 2. Effect of inhibiting macromolecular
synthesis on attachment of DNA to membrane

Time of % DNA
Method of inhibition Non in M-
on
. band”
(min)
Naladixic acid (50 ug/ml) 10 96
Chloramphenicol (250 wg/ml) 60 99
Rifampin (200 ug/ml) 10 30
20 28
45 25
60 28
Temperature-sensitive initia- 60 81

tion° (RB334)

“ Values represent percentage of untreated con-
trol for each experiment averaged over the total
number of experiments (at least two).

® Nalidixic acid inhibition of DNA synthesis was
95% effective within 1 min. Thus, any direct effect of
nalidixic acid on attachment should be seen by 10
min. At longer times, there was some decrease in
the amount of DNA in the M-band, probably due to
cell death and nonspecific degradation of DNA.

¢ Cells were held at 45°C for 1 h, allowing all
rounds for replication to proceed to completion.
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terial by virtue of its attachment to membrane
(6, 23), it was considered possible that if, as has
been suggested for E. coli (6, 18), rifampin
treatment caused unfolding of the chromosome,
the unfolded chromosome would not be carried
into the gradient by the Mg?*-Sarkosyl-cell
membrane complex without experiencing con-
siderable shear force. This possibility seemed
likely in view of the high viscosity of both M-
band and top fraction DNA after rifampin
treatment.

To test this possibility, two cultures of RB1
were grown to mid-logarithmic phase; one was
prelabeled with [*“Clthymidine and the other
with [*H]thymidine. The “C-labeled culture
was divided into two fractions, one of which
was treated with 200 ug of rifampin per ml for
10 min. Protoplasts were prepared from the *H-
labeled culture and from both the rifampin-
treated and untreated '4C-labeled cultures.
Half of the *H-labeled protoplasts was mixed
with the !C-labeled rifampin-treated proto-
plasts, and the other half was mixed with the
14C-labeled rifampin untreated protoplasts.
Each preparation was lysed with Sarkosyl, and
M-band gradients were prepared. M-band and
top fractions from each gradient were isolated,
and the percentage of “C- and *H-labeled DNA
in each M-band was computed. The results (Ta-
ble 3) indicated that not only did rifampin treat-
ment decrease the ability to isolate DNA from
the rifampin-treated cells as M-band material,
but also, the presence in the centrifuge tube of
DNA from rifampin-treated cells decreased the
ability of DNA from untreated cells to be iso-
lated in the M-band fraction. We attribute this
result to the increased viscosity of DNA iso-
lated from rifampin-treated cells, thus causing
the Sarkosyl lysates to become so viscous that
even intact DNA molecules from untreated
cells cannot escape into the gradient without
experiencing excessive shear force.

Attachment of DNA to membrane was also
studied as a function of the cell division cycle.
M-bands were isolated from synchronously
growing cells, prepared as described in Materi-
als and Methods. Determination of the fraction

TABLE 3. Interaction between rifampin-treated and
untreated lysates

% °H-la- % *C la-
Composition of gradient Dbl'?k‘:n Db}?}:':n

M-band® M-band®
3H + “C (- rifampin) 83 100
SH + “C (+ rifampin) 37 39

% Values computed on the basis of “C untreated
DNA normalized to 100% for each experiment.
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of DNA that was membrane bound at various
times during the cell cycle failed to indicate any
significant detachment of DNA from the mem-
brane at any time during the cell cycle (Fig. 4).

The effect of blocking initiation of chromo-
some replication on the attachment of DNA to
membrane was determined using a tempera-
ture-sensitive dna initiation mutant, strain
RB334. When the mutant was grown at the
nonpermissive temperature for 1 h to allow all
rounds of replication in progress to be com-
pleted, there appeared to be no significant de-
crease in the amount of DNA attachment to
membrane (Table 2).

DISCUSSION

The membrane fractionation achieved by the
M-band procedure seems to be useful for an
examination of the role of the cell membrane in
the control of chromosome replication. We have
studied several of the properties of M-bands
isolated from B. subtilis and have found them
to be similar to those reported for membrane-
DNA complexes isolated by other means and in
other systems. Two areas deserve further dis-
cussion.

(i) Membrane attachment of the chromo-
somal replicative origin. We have shown that
attachment of the replicative origin to mem-
brane is stable to shear forces at a time during
the cell cycle when the replication forks are well
removed from the origin. Although only 25% of
the pulse was retained (Table 1), this may be
due to the duration of the pulse, which was
approximately 10% of the chromosome replica-
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F1c. 4. Attachment of DNA to membrane during
the cell cycle. Cells prelabeled with [*H]thymidine
were resuspended for synchronous growth in condi-
tioned medium. Five-milliliter samples were re-
moved at various times and added to 20 ml of unla-
beled carrier cells. M-band gradients were obtained
as described in Fig. 1. Top and M-band fractions
were removed with a syringe and assayed for radio-
activity, and the percentage of total activity in the M-
band fractions was calculated (®). Cell number was
measured (O) to establish that the culture remained
synchronized during the experiment.
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tion time. Since only 5% of the bulk DNA is
shear resistant, 50%, at most, of the pulse
should have been retained (assuming all shear-
resistant DNA is at the origin). However, there
are multiple sites of membrane attachment
along the length of the chromosome (10), and
these account for a portion of the 5% shear
resistance of the bulk DNA. Therefore, consid-
erably less than 5% of the chromosome is
shear-resistant origin, and, correspondingly,
less than 50% of the pulse would be retained
in the M-band after shear. Genetic analysis of
rapidly sedimenting membrane fractions of B.
subtilis has yielded similar results (17, 26).

(ii) Detachment of chromosomes from
membrane. Interruption of DNA or protein
synthesis did not detach the chromosome from
its complex with the membrane. Similarly,
blockage of chromosome initiation in a temper-
ature-sensitive dna initiation mutant had no
effect, in agreement with previous reports on
the effects of dna mutations on membrane-
DNA attachment in B. subtilis (24). The de-
crease in M-band-associated DNA isolated from
lysates of rifampin-treated cells (“rif lysates”)
may be due in part to an in vivo, rifampin-
induced, conformational change in the chromo-
some, which is manifested in vitro in increased
shear sensitivity. Rif lysate interference with
the appearance in M-bands of DNA from un-
treated lysates reflects the increased viscosity
of rif lysates, rendering even intact DNA una-
ble to sediment into M-band gradients without
being sheared. This increased viscosity of rif
lysates also has been observed in E. coli (6).
Unfolding of the native E. coli chromosomal
structure by rifampin inhibition of ribonucleic
acid synthesis has been inferred from electron
micrographic studies of nuclear bodies (6) and
biochemical studies on membrane-free folded
nucleoids (18). A recent study (4) of very gently
isolated, folded nucleoids from rifampin-treated
E. coli showed no such effect; however, so-
called membrane-associated folded nucleoids
(25) were used in this study. Meyer et al. have
proposed (14) that this form results from mem-
brane vesicularization and trapping of DNA; if
this is so, the state of the chromosomes con-
tained in these vesicles might not affect their
sedimentation properties. The properties of
Mg?**-Sarkosyl, membrane-DNA complexes iso-
lated from rifampin-treated B. subtilis appear,
then, to be consistent with the effects of rifam-
pin on chromosomal structure in E. coli.

It has been proposed that in E. coli termina-
tion of chromosome replication is followed by
detachment of the chromosome from the mem-
brane if reinitiation is not allowed to take place
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(12, 25). We have not found this to be the case in
B. subtilis. Chloramphenicol treatment for up
to 1 h, or interruption of initiation in a temper-
ature-sensitive initiation mutant, failed to de-
crease the amount of DNA present in M-bands.
Our study of DNA-membrane complexes dur-
ing the cell (and replication) cycle also failed to
indicate detachment of DNA from the mem-
brane. However, since termination of one
round of replication and initiation of the next
were coincident events, it is possible that de-
tachment and reattachment occur too rapidly to
detect. The suggestion (12) that in the absence
of reinitiation termination of chromosome rep-
lication results in detachment from membrane
was based on the conversion of the membrane-
associated form of the folded nucleoid to the
membrane-free form upon completion of rounds
of chromosome replication. It has been shown
that M-bands prepared from membrane-free
folded nucleoids contain virtually all of the
DNA (5). Since DNA can only be isolated in M-
bands by virtue of its attachment to the mem-
brane, even the so-called membrane-free form
of the folded nucleoids must contain some mem-
brane (5, 6). We would suggest, therefore, that
in the absence of new rounds of DNA replica-
tion completion of ongoing replication does not
result in detachment of chromosome from the
membrane, but rather in a modification in the
structure of the chromosome. The sedimenta-
tion properties of the membrane-associated
folded nucleoid upon termination of chromo-
some replication provide some support for this
contention (19).

Membrane-DNA complexes of B. subtilis,
isolated by affinity for crystals of Mg?*-Sarko-
syl, exhibit the important properties that have
been demonstrated for membrane-DNA com-
plexes isolated by this technique from E. coli,
and by other procedures in both E. coli and B.
subtilis. These properties are (i) possession of
the replicative origin as a firmly bound entity
and (ii) a conformational response to rifampin.
Therefore, such complexes appear to be suitable
for examination of the possible role of the cell
membrane in the control of chromosome repli-
cation.
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